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bstract

After studying the velocity and pressure fields inside bipolar plates with different geometries, the analysis has been extended to include the gas
assage across the backing or gas diffusion layer (GDL). The gas flow emerging from the porous layer has been monitored using acetone vapor
aser-induced fluorescence. The different configurations tested are a parallel commercial case, a set of parallel diagonal channels, a branching
ascade-type, and a serpentine distribution of parallel channel blocks. The experimental results have been compared with the predictions obtained

rom a computational numerical simulation. This study has served to determine the most suitable topology among the tested ones, and has also
evealed that knowing the velocity map inside the bipolar plate may not be sufficient to decide if the gas distribution over the catalyst is going to
e homogeneous and if a fuel cell is going to operate in an efficient way.

2008 Elsevier B.V. All rights reserved.
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. Introduction

As already discussed in part I of this work [1], a wide vari-
ty of bipolar plate topologies are reported in the literature to
ave been tested in PEM fuel cells to achieve an optimum effi-
iency [2,3]. Fuel cells are complex electrochemical devices, and
eaching the maximum possible efficiency involves a conjunc-
ion of different factors. In particular, a high rate of hydrogen
ecomposition on the anode, and of protons, electrons and oxy-
en recombination on the cathode are desired. To maintain
hese electrochemical reactions a stable supply of gases on the
atalyst layers is required. If a uniform distribution of the plat-
num catalyst over either the polymer electrolyte membrane or
he gas diffusion layers forming the electrodes is assumed, the
eactions that consume the fuel/air can also be expected to be
niform over any given flow path in the plate. If this is the case,
he reactant gases should be also uniformly distributed along

hese flow paths. Commonly, this condition implies a uniform
elocity and pressure fields for the flow in the plate, and to
btain them, a correct design of the flow-field geometry of the
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ipolar plates is needed. On the one hand, a uniform velocity
eld at the x–y plane guarantees that, as the gases are con-
umed a constant flow of fresh reactants will reach every zone
f the plate. On the other hand, a constant pressure field will
ontribute to homogeneously distribute the gases over the cat-
lytic electrodes. As demonstrated in a previous research [4],
he flow structure inside a bipolar plate can be visualized, and
he velocity of reactants determined, applying laser-induced flu-
rescence in an optically accessible model. Similarly, it has
lso been proven that the use of numerical simulations can
roduce accurate results to indicate if both velocity and pres-
ure fields are going to be satisfactory. As a matter of fact,
nowing the flow-field inside the bipolar plate might not be
ufficient to be sure of the correct performance of the fuel
ell. To reach the catalyst the reactants have to flow through
he backing layer, also known as gas diffusion layer (GDL),

ade of a porous and conductor material, most of the times,
carbon paper or carbon cloth with a wet-proofing treatment.
owever, an apparently right flow behavior in the plate chan-
els can result in a defective pattern after the backing layer, with

oor distribution of the gases on the catalyst-covered electrode.
nfortunately, this process is more difficult to be examined

xperimentally and, when studying gaseous fuels (typically
ydrogen) the liquid analogue used in the velocity field anal-
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Nomenclature

Latin letters
ac catalyst specific area (cm2 mgPt−1)
EC activation energy for oxygen reduction on Pt

(kJ mol−1)
i current density (A cm−2)
j flux of reactants per unit area (mol s−1 cm−2)
K permeability of porous layer (m)
Lc catalyst loading (mgPt cm−2)
nF charge transferred (C mol−1)
P, p pressure (Pa)
R universal gas constant (J mol−1 K−1)
T temperature (K)
u velocity of the flow (m s−1)
V volume (m3)
x, y coordinate system

Greek symbols
β void part in porous media (m)
γ pressure coefficient
ε porosity of GDL
μ absolute viscosity (Pa s)

Subscripts and superscripts
r reactant
ref reference
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sis cannot be employed because gas and liquid surface tension

re not equivalent and their flow through the porous media will
iffer.

In the second part of this research, the flow across a
iffusion layer located on top of different bipolar plates is

e
r
t
l

Fig. 1. Experimental facility used for flow
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xamined using acetone vapor planar laser-induced fluores-
ence. The feasibility of applying this technique to this specific
roblem has been described in [5]. Here results will be ana-
yzed to compare the performance of the different topologies.
esides, as in part I, it will be demonstrated that a numer-

cal code can accurately reproduce the experimental results,
roving that it can be used as a fast and economical design
ool.

. Research methodology

.1. Experimental technique

The experimental facility used in the present experiments
f this research is displayed in Fig. 1. As opposed to the
elocity measurements described in part I, in this case, air has
een introduced in the plates, with a flow rate of 1.5 l min−1,
hich corresponds to flow in excess conditions, discharging

o ambient pressure. It is important to discuss the validity and
imitations of these experiments to reproduce the gas flow of
n operating PEM fuel cell. In this study, the boundary condi-
ion behind the GDL (following the flow direction) corresponds
o a constant room pressure, where the air is eventually dis-
harged. The gas flow across the GDL is then driven by both
iffusion mechanisms and primarily by the pressure gradient,
nd hence, the tracer concentration is indicative of the pres-
ure field. However, in a working PEM fuel cell the GDL is
n contact with a solid boundary, the electrolyte, which acts
s a flow drain only through the electrochemical reactions
6].

The rate at which an electrochemical reaction occurs on the

lectrode surface is equivalent to the rate at which electrons are
eleased (at the anode) or recombined (at the cathode), and can
hus be determined by the current generated. Using Faraday’s
aw, the current density defined as the current of ions or electrons

visualization after the backing layer.
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trode is assumed, gas consumption will be proportional to he
Fig. 2. Optical setup arranged for flow imaging.

er unit area of surface can be expressed as

= nFj, (1)

where nF is the charge transferred, and j is the flux of
eactants per unit area. The rate at which these reactions
ake place at equilibrium is called the exchange current den-
ity, i0. The effective exchange current density is dependent
n the concentration of reactants, as well as on the temper-

ture, T, and it is also a function of the electrode catalyst
oading, Lc, and the catalyst specific surface area, ac, [7].
hen, the effective exchange current density is given by the

p
i
U

Fig. 3. Pictures of the bipolar plates used in the study: (a) comme
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quation

0 = iref
0 acLc

(
Pr

P ref
r

)γ

exp

[
− EC

RT

(
1 − T

T ref

)]
, (2)

where iref
0 is the exchange current density at a reference

emperature and pressure. In this equation γ is the pressure
oefficient, EC the activation energy for oxygen reduction on
latinum, and R the universal gas constant. Besides, Pr, T, P ref

r ,
nd Tref are, respectively, the pressure and temperature of the
eactants, and the reference pressure and temperature.

When the factors ac, Lc, γ , EC, R, T, and Tref are constant,
q. (2) is reduced to

0 ∝ iref
0

(
P

P ref
r

)γ

. (3)

Eq. (3) indicates the dependence of the reaction rate on the
ressure field. In agreement with this expression, it has been
emonstrated both experimentally and numerically that increas-
ng the operating backpressure over the whole electrode area
mproves the performance of a fuel cell [8]. Accordingly, if

uniform distribution of the platinum catalyst over the elec-
ressure field. Information of the pressure field in the GDL
s, thus, relevant to predict the performance of a fuel cell.
nfortunately, we do not know so far any method to determine

rcial (b) diagonal, (c) parallel-serpentine, and (d) cascade.
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For the GDL, it is convenient to distinguish between two
types of volume average of the physical magnitudes of interest
14 A. Lozano et al. / Journal of P

he full 2D pressure map on the GDL surface of an operat-
ng cell. As an approximation, the experiments here presented
an provide indication of this pressure distribution, which in
his case is proportional to the marker concentration, if the
eaction rate is uniform over the catalytic surface, even when
n a real PEM fuel cell there is not a bulk flow across the
evice.

To visualize the air flow passage across the backing layer,
aser-induced fluorescence of acetone vapor has been employed.
he use of acetone as a fluorescent tracer in gaseous flows

s described in detail in [9]. For completeness, the principal
haracteristics of this technique will be summarized here. To
pply it, a small amount of acetone vapor has to be added
o the flow under study. In this case, this has been achieved
y bubbling the flowing air inside an acetone bottle. The
eeded acetone can be excited illuminating it with UV light.
ts absorption peak for transitions to the first excited sin-
let state is located around 275 nm. Upon excitation, acetone
uoresces in the blue, with a maximum intensity at a wave-

ength of 435 nm, a decay lifetime of 4 ns and an efficiency
f 0.2%. It is interesting to note that the spacing between
he absorption and the emission bands enables the possibil-
ty to easily filter any possible reflections from the excitation
eam.

To excite the tracer, a double cavity Quantel YG781C-10
ulsed Nd:YAG laser has been used, quadrupling the frequency
f its fundamental emission to obtain 70 mJ pulses at 266 nm,
ith a pulse duration of 6 ns. To image the fluorescence emis-

ion, an interlined Hamamatsu ORCA-ER 1024 × 1024 pixels
CD camera has been used, placed perpendicular to the bipolar
lates. In order to maximize the collected signal the camera has
een equipped with a high luminosity lens (Nikon, 50 mm, f#
.2).

The imaged region has been illuminated by a slightly diverg-
ng laser sheet, parallel to the bipolar plate, formed by a
air of fused silica cylindrical lenses with focal distances of
25 mm and 125 mm, plus a 2000 mm cylindrical lens to thin

he sheet approximately in the middle of the field of view.
sketch of this arrangement is depicted in Fig. 2. To match

he resolution of the dye images in the velocity field measure-
ents, the field of view has been adjusted to 72 mm × 72 mm
ith a spatial resolution of 70.3 �m pixel−1. It is important

o take into account that, as a clamped metal frame was used
o keep the diffusion layer in place over the bipolar plate,
he distance between the laser sheet and the diffusion layer
urface was 4.5 mm. As the Schmidt number for the emerg-
ng acetone-seeded air flow is about 1.1, at this distance the

arker diffusion will act homogenizing the imaged concentra-
ion maps.

Temporal sequences have been acquired for the filling pro-
ess of the bipolar plates with seeded air, starting from an empty
nitial situation until a stationary state is reached. The time inter-
al between successive images is 0.5 s. It has to be remarked that

lthough for safety considerations and experimental simplicity,
ir has been used as the working gas, the acetone vapor laser-
nduced fluorescence technique will work equally with hydrogen
r pure oxygen flows.

F
t
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.2. Numerical simulations

Numerical simulations to predict the flow behaviour in bipo-
ar plates were presented using a 2D proprietary code in the first
art of this work. Essentially, an appropriate 2D version of the
avier–Stokes equations was solved for the different geometries

tudied.
In the present second part of the paper, the flow through the

acking layer is also studied. As indicated in Section 1, the main
bjective is to observe how homogeneous its arrival to the cata-
yst layer is. Obviously, this requires a proper prediction of the
elocity component perpendicular to the end plane of the GDL,
ence perpendicular to the bipolar plate. This is precisely the
omponent of the velocity not considered in the previous part of
his work, so it has been necessary to use a full 3D formulation.
esides, the flow is no longer described by the Navier–Stokes
quations, but a description of the flow through a porous media,
he GDL, is also required, with a physical sound coupling at the
nterface between the surface of the plate channels and the begin-
ing of the backing layer. A convenient formulation, which does
ot need any special considerations at the interface (accepting
ome simplifying assumptions), is given by Ochoa-Tapia and

hitaker [10], and is next described for the present situation.
In the channels of the bipolar plates, the 3D steady version

f the incompressible Navier–Stokes equations is used:

ontinuity :
∂uj

∂xj

= 0, (4)

omentum : uj

∂ui

∂xj

= − 1

ρ

∂p

∂xi

+ μ
∂2ui

∂xj∂xj

. (5)
ig. 4. Image of the metal grid used to hold the carbon cloth in place against
he commercial bipolar plate.
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ig. 5. Temporal sequence showing the flow through the carbon paper when th
low rate is 1.5 l min−1.

nside the porous media [10]:

uperficial average : 〈·〉 = 1

V

∫
V

·dV, (6)

1
∫

ntrinsic average : 〈·〉β =
Vβ Vβ

·dVβ, (7)

where the superscript β (which is not an exponent) indi-
ates the zone available for the fluid inside the porous media

〈

s
v

mercial plate is filled with acetone-seeded air. Images are separated by 0.5 s.

the “void” part in opposition to the solid part), and V indi-
ates a small enough volume used to calculate the average. In
greement with the notation used, Vβ indicates the void part
nside the volume V, its fraction being the porosity ε by defini-
ion. Hence superficial and intrinsic averages are related through

·〉 = ε〈·〉β.

It can be shown [5] that under appropriate conditions, the
uperficial averaged velocity is the matching quantity to the flow
elocity and that the intrinsic averaged pressure is the matching
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Fig. 6. Same process as in Fig. 5, with the co

uantity to the flow pressure inside the porous media. This is
sed to simplify the notation, so u and p will be directly written
or equations inside the porous media (steady approximation)
s:
ontinuity inside GDL :
∂uj

∂xj

= 0, (8)
i

cial plate covered by a piece of carbon cloth.

omentum inside GDL :
1

ε2 uj

∂ui

∂xj

= − 1

ρ

∂p

∂xi

+ ν

ε

∂2ui

∂xj∂xj

− ν
ui, (9)
K

where ε is the porosity and K is the permeability, assuming an
sotropic and homogeneous porous medium. The second term on
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media, it is not surprising that the exit velocity at the end of
the GDL (Fig. 9) shows a matching pattern to the pressure field
depicted in Fig. 8. The emerging flow becomes rather uniform,
A. Lozano et al. / Journal of P

he right-hand-side of Eq. (9) is known as the Brinkman approx-
mation, and the third one reflects the contribution of Darcy’s
aw.

The previous equations have been solved in the geometri-
al configuration corresponding to the commercial plate (see
ext section), under the same conditions as those in the exper-
ments, considering a carbon paper GDL. In the present case

= 8.69 × 10−12 m, and ε = 0.75 through the whole porous
omain. As mentioned above, the steady state case has been
onsidered.

A finite volume approach using OpenFOAM, an open
ource computational fluid dynamics code, has been followed.
round 200.000 non-uniform hexahedral-like volumes have
een needed to properly represent the plate plus the GDL com-
utational domain.

In connection to the discussion in the previous section related
o the different boundary conditions on the GDL surface in

real PEM fuel cell and in this model, it has to be noted
hat the present results can be considered as a preliminary step
owards a computer code to simulate the complete device. The
oundary condition established as a constant pressure should
e replaced in the anode by a modeled gas drain. However, it
as considered more interesting to simulate a set of conditions

hat could be validated comparing with experimental measure-
ents.

.3. Bipolar plates topologies

As a continuation of the velocity and pressure field analy-
is, the new measurements have been obtained with the same
late topologies as those in part I. In particular, the plates
hat were there denoted as diagonal type, serpentine-parallel
late type and cascade flow-field have been tested. It has to
e reminded that these geometries were developed after consid-
ring the velocity and pressure results that had been obtained
n [4] for a commercial plate. Given that the flow across
he backing layer was not studied for that case, it has now
lso been included in the present experiments. Although the
etailed geometry of each plate has already been described in
he first part of this study, a figure (Fig. 3) is here included
epicting all the configurations. In order to perform the exper-
ments, the plates were covered with a 7 cm × 7 cm piece of
orayTM carbon paper. To fix it, both bipolar plate and paper
ere sandwiched between a back plate and a square frame
oth made of steel and clamped together. For the commer-
ial plate, some initial tests were performed substituting the
aper by an ELATTM Teflon-covered carbon cloth. Even though
he cloth was held by the steel frame, as it is not rigid, the
ir flow caused it to dome, detaching from the plate ribs and
ltering the flow pattern in the channels. To avoid this effect,
he metal frame was replaced by a metal grid that pressed
he cloth against the ribs (see Fig. 4). As will be shown in
he next section, the results obtained using the properly fixed

loth and the paper were substantially identical. For this rea-
on, only the carbon paper was chosen as the backing layer in
he rest of the experiments, as its rigidity prevented any doming
roblems.

F
T
T
t
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. Results

Fig. 5 displays a sequence of images acquired according to
he experimental setup sketched in Fig. 2 when the commercial
late covered with a piece of carbon paper is being filled (from an
mpty initial situation) with air seeded with acetone vapor. It can
e observed that the air flow that first emerges from the diffusion
ayer correlates with the upper and the right lateral channels of
he plate, which are also the ones with higher velocities. As time
volves, the emerging flow becomes remarkably uniform, with
he exception of a clearly noticeable jet directly exiting from the
late inlet orifice. The intensity of this jet is in part related to the
igh flow rate and the tilting angle of the inlet channel.

Fig. 6 shows a similar sequence, obtained with the same bipo-
ar plate, but in this case, covered with a piece of carbon cloth
xed with a metal frame as explained in the previous section
nd depicted in Fig. 4. It is to be noted that the emerging air
uring the filling process follows a nearly identical pattern to
he one presented in Fig. 5. This similitude indicates that the
ow behavior is indistinguishable when either carbon paper or
loth are used, and justifies that for the rest of the experiments
nly paper has been employed.

Results obtained from the numerical simulation study also
upport the above-commented situations. Fig. 7 shows a 3D cut
f the commercial plate showing the pressure distribution (at
teady state). Notice the small differences on the pressure val-
es. The largest (although still small) drop in pressure is due to
he porous media. Fig. 8 shows the pressure at the surface of
he channels. It is observed the effect of the impinging jet at the
ntrance, as mentioned above when describing Fig. 5. As pres-
ure is the main driving magnitude for the flow in the porous
ig. 7. 3D cut of the commercial plate entrance showing isocontours of pressure.
he domain is extended into the air 1.7 mm to compare with experimental data.
he view is from the bottom of the plate, and the black lines are the voids where

he ribs would be located.
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plate. A very homogeneous velocity field had been measured for
this topology, but with large maximum pressure values, roughly
ig. 8. Pressure values at the surface of the channels of the commercial plate.

ith the exception of a clearly noticeable jet directly exiting
rom the plate inlet orifice. As mentioned in the description of
ig. 5, this increase in pressure is related to the high flow rate
nd the tilting angle of the inlet channel. The effect of the chan-
el ribs is depicted in the figure as areas of low velocity. It is
orthy to indicate that the velocity differences are still mean-

ngful, as yellow areas roughly indicate a double value of that
n the green areas. Notice the effect on the right channel and
pper channels of the plate. Fig. 10 shows the exit velocity at a
lane in the air, some 1.7 mm beyond the GDL end. This loca-
ion is close to that in the measurements shown in Fig. 5, namely

.5 mm apart from the backing layer. Observe the good agree-
ent between experiments (the image corresponding to the final

tate) and numerical simulations. The smearing out effect of dif-
usion, comparing with results at the GDL exit, is noticeable, and

Fig. 9. Normal (z) velocity at the end of the GDL (m s−1).

2
a

F
c

ig. 10. Normal (z) velocity at the plane of measurement (m s−1), 1.7 mm in the
ir.

he effect of the ribs has been partially smoothed out. The longer
istance between the imaged plane and the GDL in the experi-
ents can explain why in Fig. 5 the ribs are no longer visible.
ig. 11 depicts the magnitude of the velocity at the middle plane
f the plate channels. The pattern reminds the one shown in part
of this research [1]. In most parts of the plate, the velocity

omponent in the direction perpendicular to it is much smaller
han in the parallel ones.

The images in Fig. 12 correspond to the experimental visual-
zation of the flow distribution behind the GDL for the serpentine
.5 times higher than those obtained for the other bipolar plates,
nd a significant pressure loss. These effects are reflected in

ig. 11. Velocity magnitude at the middle plane of the channels of the commer-
ial plate.
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ig. 12. Flow emerging from the carbon paper in a filling process of the serp
.5 l min−1.

he diffusion field. As predicted in part I of the study, a strong
iffusion near the entrance area is observed, due to the high-
ressure values. As time evolves, the gas flow front traversing
he GDL very slowly advances covering the whole area, but the
esulting distribution is non-uniform, with the air exiting pref-

rentially in the area close to the inlet. The low rate at which the
mergent air front advances in the sequence shown in Fig. 12 is
xplained by the large air volume that exits the GDL near the
late inlet.

A
t
p
o

plate. As in previous figures, images are separated by 0.5 s and flow rate is

From the velocity and pressure distributions determined
or the diagonal plate, a deficient diffusion flow distribution
an be expected. Fig. 13 presents the results correspond-
ng to this topology. It is quite remarkable to observe how
losely the filling pattern follows the pressure distribution.

fter crossing the backing layer, the flow comes out first from

he zones of higher pressure, i.e., from the points where the
ressure gradient across the carbon paper is larger. It can be
bserved that although some air is emerging from the whole
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Fig. 13. Filling process of the diagonal plate. As in previous

urface of the bipolar plate, it comes out preferentially from
he area comprising the diagonal channels and those below
hem. A dark band in the zone corresponding to the chan-
els immediately above the diagonal can also be noticed. This
on-uniform flow distribution reveals that this particular design

s clearly defective and could be easily improved by chang-
ng the inlet position or modifying the channel topology. The
resence of an area where the flow of acetone-seeded air
s very limited will lead to an unbalanced use of the cata-

f
p
i
p

s, images are separated by 0.5 s and flow rate is 1.5 l min−1.

yst, and, possibly, to a defective overall efficiency of the fuel
ell.

The last topology tested is the one denoted as cascade-
ype. The results for this plate are depicted in Fig. 14. In
his case, the flow emerging from the GDL is very uni-

orm, and very quickly covers the whole layer area. This nice
erformance is in good agreement with the smooth veloc-
ty and pressure distributions measured and calculated in
art I of this research, and, in particular, with the roughly
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Fig. 14. Filling process of the cascade-type plate. As in previou

onstant pressure drop along the different longitudinal chan-
els.

. Conclusions
An experimental and numerical study has been presented to
nalyze the gas flow across a GDL from different bipolar plates.
t has been shown that the flow through the carbon paper layer
s mostly controlled by the pressure gradient across the GDL.

d
h
T
d

res, images are separated by 0.5 s and flow rate is 1.5 l min−1.

ence, even a non-uniform velocity distribution of the reactant
ases in the plate (as visualized with the liquid analogue) can
esult in a more acceptable distribution over the catalyzed elec-
rode if the pressure field is sufficiently smooth. In the opposite
ase, a very homogeneous velocity field can yield a defective gas

istribution after the GDL, for example if pressure losses are too
igh. This could be the case for a serpentine type bipolar plate.
hus, special attention should be given to minimize pressure
ifferences among the channels. In the case of the commercial
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late, it is observed that the impinging jet creates a zone of (rel-
tive) high pressure at the entrance, which is extended along
he right lateral channel and some of the higher channels. This
as the effect of a GDL exit velocity significantly greater at the
ntrance and roughly double at the indicated channels, com-
ared to the values at other zones of the plate. A small effect
f the channel ribs is also observed. The cascade plate, espe-
ially designed to provide a smooth pressure field results is a
ery uniform gas flow after the GDL.

In the model employed, the gas flow through the GDL is
ainly driven by the pressure gradient, so its distribution is

elated to the pressure map. Considering that the electrochemi-
al reaction rate increases with the pressure, these maps will be
artially indicative of the performance of the cell provided that
he reaction rate is uniform over the electrode surface.
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